Aims/hypothesis The recent advent of genome-wide association studies has considerably accelerated the identification of type 2 diabetes loci. We aimed to investigate the combined effects of multiple genetic variants, alone or in combination with conventional risk factors, on type 2 diabetes and diabetes-related traits in Han Chinese. Methods We genotyped 17 variants in 17 loci in a population-based Han Chinese cohort including 3,210 unrelated individuals. A genetic risk score (GRS) was calculated on the basis of these variants. The discriminatory ability was assessed by the area under the receiver operating characteristics curve.
Results
The odds ratio for type 2 diabetes and hyperglycaemia with each GRS point (per risk allele) was 1.18 (95% CI 1.12-1.23, p=1.3×10
−12 ) and 1.12 (95% CI 1.09-1.16, p=7.5×10 −14 ), respectively. Compared with participants with GRS ≤11.0 (7.63%), those with GRS ≥19.0 (8.87%) had a 4.58-fold higher risk (95% CI 2.49-8.42) of type 2 diabetes. The GRS also showed a significant association with lower beta cell function estimated by HOMA of beta cell function (p=8.4×10 −10 ). In addition,
we observed significant interactive effects between GRS and BMI on fasting glucose and HbA 1c levels (p=0.04 and p=0.03 for interaction, respectively). Discrimination of diabetes risk was improved (p<0.001) when the GRS was added to a model including clinical risk factors. The AUCs were 0.62 and 0.77, respectively, for the GRS and conventional clinic risk factors alone, and 0.79 when the GRS was added. Conclusions/interpretation In this Han Chinese population, the GRS of 17 combined variants modestly but significantly improved discrimination of the conventional risk factors for type 2 diabetes. Genotyping We successfully genotyped 17 previously reported type 2 diabetes-associated single nucleotide polymorphisms (SNPs; ESM Table 2 ) with a genotyping system (GenomeLab SNPstream; Beckman Coulter, Fullerton, CA, USA) or sequence detection system (ABI PRISM 7900 HT; Applied Biosystems, Foster City, CA, USA). The genotyping call rates were >98% and the concordance rates were >99% based on 12% duplicate samples (n=384). The allele frequencies of all SNPs were comparable with the HapMap Han Chinese in Beijing, China database and were all in Hardy-Weinberg equilibrium (p>0.05).
Genetic risk score computation The genetic risk score (GRS) was calculated by counting the number of risk alleles from the 17 variants, which produced a score ranging from 6 to 25. Participants for whom data on four or more genotypes were missing (n=52) were excluded from the analyses. The GRSs of participants for whom data on one to three genotypes were missing (n=384) were standardised to those of participants with complete data by the following equation: GRS=(total number risk alleles/ number of non-missing genotypes×2)×34. In sensitivity analyses, we excluded all participants with missing genotypes, and observed similar results for the analyses that included all participants and those that excluded participants with missing data.
Statistical analysis Logistic regression was used to test the association of individual SNPs or GRSs with type 2 diabetes and IFG. Generalised linear regression was applied to quantitative trait analyses. Interactions between the GRS and conventional risk factors were tested by including the respective interaction terms in logistic and generalised linear regression models. The discriminatory values for type 2 diabetes risk were assessed by the area under the receiver operating characteristic curve in logistic regression models. All reported p values are nominal and two-sided. Statistical analyses were performed with SAS version 9.1 (SAS Institute, Cary, NC, USA).
The results of associations of individual SNPs with type 2 diabetes and its related traits, some of which have been published previously [8] [9] [10] , are shown in ESM Table 2 and ESM Table 3 . The SNPs in CDKAL1, PPARG, KCNQ1, HHEX/IDE, CDKN2A/B, TCF2 (also known as HNF1B), KCNJ11, GCKR, IGF2BP2 and SLC30A8 were significantly associated with type 2 diabetes or hyperglycaemia (p<0.05).
The distribution of the GRS was shifted to the right in type 2 diabetes patients compared with that in NFG individuals (ESM Fig.1a) . Each additional point score increased risk of type 2 diabetes by 1.18-fold (p=1.3× 10 −12 ) and risk of hyperglycaemia by 1.12-fold (p=7.5× 10 −14 ; ESM Table 4 ). The risk of type 2 diabetes and hyperglycaemia increased across GRS quintiles (ESM Table 4 ). Compared with participants with a GRS ≤11.0 (7.63%), those with GRS ≥19.0 (8.87%) had a 4.58-fold (95% CI 2.49-8.42) increased risk of type 2 diabetes and 2.8-fold (95% CI 1.90-4.11) increased risk of hyperglycaemia (ESM Fig. 1b, c) . Consistent with the above, individuals with higher GRS had significantly higher fasting glucose, HbA 1c and HOMA-S, and lower insulin, HOMA-B and BMI (ESM Table 5 ). Further adjustment for smoking, alcohol, physical activity and family history of diabetes did not substantially change the associations. Similar results were observed when analyses were performed using GRSs calculated by including the ten significantly associated SNPs only. The risk of type 2 diabetes significantly increased with the presence of family history, higher BMI (three categories) and increasing quintiles of GRS (ESM Fig. 2 ). Compared with normal-weight participants (BMI <24 kg/m 2 ) in the lowest quintile of GRS, obese participants (BMI ≥28 kg/m 2 ) in the highest quintile of GRS had an OR of 4.91 (95% CI 2.22-10.88), while obese status had an OR of 2.25 (95% CI 1.64-3.08) compared with normal-weight status. Participants who had a positive family history of type 2 diabetes and were in the highest quintile of GRS had a dramatically higher disease risk (OR 20.52, 95% CI 10.67-39.48) compared with those without a family history in the lowest quintile of GRS. Moreover, positive family history of diabetes alone increased the type 2 diabetes risk by 4.85-fold (95% CI 3.69-6.38). However, no significant interaction between the GRS and conventional risk factors including BMI (p=0.36), family history of diabetes (p=0.30), smoking (p=0.85), alcohol use (p=0.72) and physical activity (p=0.75) was observed for type 2 diabetes risk. Interestingly, we observed nominally significant interactive effects between the GRS and BMI on fasting glucose (p=0.04 for interaction) and HbA 1c (p=0.03 for interaction) levels (Fig. 1) . Fasting glucose and HbA 1c significantly increased across quintiles of the GRS among obese (n=416; p=0.04 and p=0.02, respectively) or overweight participants (BMI 24 to <28 kg/m 2 ; n=1,088; p=0.001 and p=0.01 for glucose and HbA 1c , respectively), but not in normal-weight participants (n=1,389; p≥0.40). There was no significant interactive effect between GRS and BMI on insulin (p=0.86), HOMA-B (p=0.56) or HOMA-S (p=0.50).
As shown in Fig. 2 , the GRS alone had a lower discriminatory ability for risk of type 2 diabetes (AUC= 0.62). The AUC for the conventional clinical risk factors was 0.77 and was significantly increased to 0.79 (p<0.001) after adding the GRS.
Discussion
In this population-based cohort of Han Chinese, we found that a GRS, based on 17 genetic variants from recent GWAS, was significantly associated with type 2 diabetes and hyperglycaemia, as well as with diabetes-related traits, especially beta cell function. Combining the GRS with conventional risk factors slightly but significantly improved case-control discrimination for type 2 diabetes risk. Several previous studies have shown that GRS could be used as a simple proxy of an individual's genetic predisposition to type 2 diabetes [2] [3] [4] [5] [6] . Consistent with this, we found that each additional risk allele increased the risk of type 2 diabetes by approximately 18% and that participants with a GRS ≥19.0 (8.87%) had a 4.58-fold increased risk of type 2 diabetes compared with those with a GRS ≤11.0 (7.63%). Notably, the proportion of high-risk individuals with the highest GRS was much greater in this study than that in a previous study in white Europeans [2] , which might be explained by ethnic differences in genetic predisposition to type 2 diabetes.
For the diabetes-associated quantitative traits, the strongest association was observed between the GRS and HOMA-B, supporting the notion that most of the genetic risk variants identified so far exert their diabetogenic effects through impaired beta cell function [1] . Fasting glucose and HbA 1c levels increased across quintiles of GRS among obese or overweight participants, but not in normal-weight participants, suggesting that the associations between GRS and these diabetes-related traits might be subject to modification by BMI. A previous study also observed a stronger effect of GRS on type 2 diabetes risk in obese individuals than in normal-weight individuals [5] . However, our results need to be confirmed in future studies because the interactions with fasting glucose and HbA 1c were only nominally significant, and no interaction between GRS and BMI was observed for type 2 diabetes risk.
As observed in the previous studies [2] [3] [4] [5] [6] , genetic information slightly but significantly improved case-control discrimination of type 2 diabetes risk. A possible reason for the minimal improvement of the discriminatory value is that genetic variants might exert their diabetogenic effects through conventional risk factors such as BMI. Also, family history of diabetes as a risk factor already contains some genetic information provided by the GRS. The discriminatory ability of genetic variants may be improved when more susceptibility loci are included in future.
Several limitations of this study warrant mention. First, the cross-sectional nature limits the study to discriminatory analysis. Second, this study had insufficient power to detect diabetes association of low-risk variants (ESM Table 2 ). Well-powered studies in Chinese populations are required for a definite conclusion. Third, no established β-coefficient values for these genetic variants could be used to calculate a weighted GRS in this study. However, evidence suggests that there was no obvious difference in the results from the simple count and weighted GRS [5] .
In conclusion, the GRS based on the 17 diabetesassociated variants modestly but significantly improved discrimination of conventional risk factors for type 2 diabetes in this Han Chinese population.
